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ABSTRACT

A proposal was made to ANL f or NRL to construct a gamma
rn

ray pin-hole camera to follow the flow -of molten fuel elements

by observing th.e emitted gamma rays with a TV chain viewing an

image of the fuel elements on a NaI screen, H oweers an

alternative system has been proposed that will give the same

space resolution, improved time esolution and dynamic range

with greater flexibility and reduced cost. This system con-

sisits of: a :rotating ylinder with. a large umber of small

collimating holes scanning across th.e test section. Signals

from scintillation detectors placed behind the drum will

intensity modulate the Z axis of multi-gun oscilloscopes,

A continuously moving film camera will record these sweeps

for study and analysis. 

STATEMENT OF THE PROBLEM

Th.e Argonne National Laboratory is currently working on

a program (designated as TREAT) to determine the safety of

fast breeder reactors, A thermal reactor will be designed

capable of melting natural uranium fel rds placed in a test

chamber at the enter of it:s core. It is proposed to melt

fuel pins of the type appropriate for fast breeder ractors
(except for enrichment) and determine as :much as possible about

the subsequent behavior of the molten fuel. Initial studies

would be made with dry fuel pins and later studies would

involve fuel pins immersed in sodium. The :most difficult
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problem in th.e latter measurements is to follow the motion
of the molten fuel surrounded initially by the sodium coolant i

a situation that precludes any isual measurement procedure. m

Consideration of this problem by representatives of Argonne

and Los Alamos ailed to suggest any approach for following

the molten metal other than the use of the nuclcear radiation

emanating from the fuel tself. This radiation can, in prin-

ciple, be ade to display the motion of the fuel by using a

pin-hole camera techniquei. This method is limite4 by th.e

intensity of the radiation and the inherent characteristics of

th.e pin-hole camera.

It would be desirable to follow th.e motion of individual

fuel pins of diameter approximately 0.15 in. which. are

noimally spaced closely together. The desired time resolu-

tion is set by the motion of the molten fuel pins, and cannot

be accurately predicted in advance. From discussions among ANL

and NRL representatives on 30 April 1957, it was felt desir-

able to hAVe a spatial resolution at the fuel pins of 1/10 in,

or less, and time resolution perhaps as small as one milli-

second if th.is were possible.

While th.e initial measurements will probably involve a

few pins, perhaps a row of pins across the width. of th.e test

chamber,- it is desired ultimately to view a complete'cluster

of fuel pins. However, any experimental approach. observing the

A preliminary discussion of this technique is contained in a
letter from Bob Watt, LASL,, to David Okrentl dated Apr. 2, 1957.
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gamma rays leaving the outside face of the test chamber cannot
4.-'

view fuel elements within a cluster because of the attenua-

tion. of outside pin. Thus it cannot be expected to record

melting of any pin in the cluster in line with any other pin

that does not melt,,:

TREAT REACTOR CHARACTERISTICS

The Argonne proposal is to construct a thermal neutron

reactor with maximu core densions 'of 6 x 6 x 4 ft. high ith

.a test chamber located at its center and arrangements made for

viewing this chamber through ports4 The fuel pins to be used

are to be approximately 16 in long and the test chamber is to

have dimensions of 4 x 4 x 16 in. Consequently, the area which

it is desired to observe is 4 in, wide by 16 in. high. A 2 ft.

graphite rilector surrounds the core. The shield of the

reactor will be 5 ft. of magnetite concrete.

The melting of fuel pins would be effected by a reactor

transient with the power rise following a period of' as short as

5 nilliseconds. Slower transients are anticipated depending

upon the needs of the program,

GENERAL DESCRIPTION OF THE ORIGINAL. PROPOSED
PIN-HOLE CAMERA SYSTEM

The proposed system consisted o a gamma ray pin-hole

approximately 2 meters from th.e test chamber and a 1 in thick

sodium iodide screen approximately 2 meters from te pin-hole.

Thus, an mage of the test chamber would be formed on the
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sodium iodide screen with approximately unit magnificatio n. r

The gamma rays alling on the screen cause it to fluoresce and

this light is ocused on the cathode of an image orthicon

television pick-up tube, A ow noise television: chain and

appropriate recording requip record a reproduction of th.e

optical image formed on the sodium iodide scren. This image

is photographed to permit subsequent detailed study and analysis..

Th.e installation requires careful and rather massive

shielding. A slow neutron curtain i required at least on the

reactor side of the equipment. The eement o the ystem requir-

ing the greatest shielding is the sodium iodide screen; how-

ever, the image orthicon must not be subjected to !itense radia-

tion.

ESTIMATES OF SIGNAL STRENGTH

Calculations of predicted ignal strength. were made assum-

ing the nuclear pin-hole would have a diameter of O.05 in. and

'that a 1 in, sodium iodide screen ou Id be employed with dis-

tances from test chamber to pin-hole and pin-hole to screen

each 2 meters. Th.e use of a fast lens (F.75), an image orthi-

con pick-up tube (6849) and a Bendix-Friez television chain

was assumed.j, The light level necessary to obtain a useful

record was determined largely by cmparison with a somewhat

similar arrangement then in use at NRL rather than by straight

computations based upon quoted tube characteristics.

The radiation from the fuel pins was computed for two

situations, the frst applying to the period during wh.ich the



pins were being melted :when th.e prompt fission gammas are the

most important source and the second to subsequent times when 

it was assumed that only the delayed gamma rays f rom th.e fissions ,

necessary t melt the fuel pins would be available. In the

first ase; -a reactor power transient wa.s ass:umed in which the
power rose with. a 5 millisecond period and-wa shut down 

the insertion of 10% negative reactivity, From these retults
other zituations of interest can be atsesed without too much

diff ic ulty .

Prompt gamma rays emanating from- the fuel pins ing th.e

transient are primarily prompt fission gammas and the results

are 8summarized in Table 1 Capture Iand inelastic scattering

gammas In the urani, sodium bond and stainless' steel lad were

calculated but are maller than the : prompt fssion gammas. It
is estmated that due to the amount -of -excess negative reac-

tivity that can be inserted, this prompt aa intensity will

not decrease more than.a factor of 1 before leveling off into

an 80 second period aused by layed neutrons* Therefore,

these0 prompt fission gamma will be bright enough to follow the

motion of the molten fuel for tome time. The brightnes of

capture gamma rays in the sodium coolant will be much. less than

the fuel pin brightness.

Delayed gammas from fittion products, which for short times

dcA be con-sd at equal to the ube of ftisions decaying

with a lifetime of one eond, were also esti ed* Thesef decay

gammas are a factor of 100 below th.e peak prompt gammas for
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a 5 millisecond transient; onsquently, they will not become

important until very late times. Contrast between fuel pins

and sodium oolant is good but gammas from the reactor behind M

the test section musit be attented

As ill be discussed later, the present NRLaangement
indicated that a ga brightness of approximately the livel

furnished by the de'ay gamma ays was ;necessary to get the

des ired spatial resolution even with a time resolution of: 00

second. If transients of longer periods are observed, the

prompt gammas will not be as much greater than the delayed

gammas. In act for a transient with 5 ebond period, it is

estimated that the peak of the prompt gamma ays*41ll be

approximately equal to the delayed gammasg

SPATIAL RESOLUTION

The spatial resolution possible in the-measurement is
limited pricipally by three considerations: (1) the pinole

charadteristics (2) geometrical optics at the sodium iodide

scren., and (3) the characteristics of the image orthicon tube.

The pin-hole design is dictated principally by two con-

ksiderationsf Anamely% the sizie of the pinhole (assimed 005 in*)

and the field of view to be imaged by' t pin-holes The dired

field of view* asumed 4 x 16 in-, at the test chamber, and the

test chamber to pin-hole distance (asumed 2 meters) determine

the configuration of the pin-hole. In order to avoid liiting

the field view, the pin-hole- must be made of two rectangular

pyramid-Shaped Voids with the sides of their bases in the atio
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or 4 to 16 and their vertices placed together. Table 2 shows

computed values of th.e intensity o gamma rays from a point 

source reaching the screen. The width at half 'intensity across

the short dimension of the ield of view is ch mnore narrow

than the traverse at ight angles. Thus, th.e image formed by

such. a pin-hole must of necessity be astigmatie. The pin-Whole

design is, quite ritical and it was proposed to make an insert

of a high. density metal,

The reso1uttion is further degraded for points away from the

axis of the system by the geometrical optics n th.e sodium

iodide. The light going to the image othicon makes an angle

with. the direction of the gamma ray creating the light, thus with

a 1 in tiek :sodium iodide screen and a mirror on. the side

toward the pinboleW this effect will produce a maximum. s:ear-

ing o .O o an inch for points .2 in. off the axis and. 2 of

an inch for points 8 in,. off axis: This effect is most trouble-

some when viewing points at, the top and bottom of the test,

chamber.-

The image orthicon tube has th.e characteristics of showing

poor resolution at low incident light levels Thus, if the
intensity s too low the resolution becomes por.

Insight into possible resolution using a television chain
looking at a NaI screen was obtained by taking pietures o the

display from the NRL arrangomento Radographic pietures were

taken uing a gamima ray intensity at the screen of approximately

107 Mev of y/cm 2 -sec. Singl objects /8 in in idameterf
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either lead rods 3/4 in. long or holes in a 3/4 in, lead plate,

are recorded in a sngle frame (1/30 sec Wh en pairs of

/8 in, holes in a 3/4 in plate a viewed, they are shown m

resolved when th.e center-to-center distance is 5i/6. The NRT

arrangement has a field of yiew of 24 in. compared to an anti-

cipated 16 in~ for these experiments; cosequenty -one would

expect resolved distances to decease in ratio 16 to 24 to

appr:oximately 0.l diameter and 1/4 ine center-to-center separa-

tion with this ti0e resolution.

It appears that a spa.tial resolution of approximately .1 in.

in the horizontal plane and somewhat worse in the ertical plane

is the best that can be obtained because of' the penetration of

gamma rays through the edge of the p-hole;-, an effect that is

independent of intensity. As propos.edi other effects will .tot

worsen the matter sferious ly except when the intensity becomes

low enough for the image orthicon picture to become poor.

TIME RESOLUTION

The time resolution that can be obtained is expected to be

limited by the intensity that can be obtained. That is ertainly

the case With the image orthicons presently available: Should

the intensifier image orthicon currently being worked on by RCA

become aailable the limitation might become one of tcanning

and recording 'mechan isms. For this application it is possible,

without very much development work, to :scan an image orthic-on

at rates up to 180 per second and build the necessary recording

equipment. This proposal assumed the construction of equipment

: - ~~~8



capable of se l scanning rates ranging from 30 to 180 scans

per second.

DYNAMIC RANGE

The dynamic range of an ige orthicon rather restrlicted

and i roughly a factor of 20 to 1. (Probably less than this

if the image orthicon is set for maximum olutio). Conse-

quently it wuld )ot be possible for a single image orthicon

to ollow both the high. intensity signal due to a rapid heating

of the fuel pins and the subsequenti low intensity following

the tnsient unless it is possible to ontrol the light inci-
dent on the image orthidon. Further,. unless the light from

the peak of the excurzsion is stopped from reaching the image

orthicon1 it tou'ld not record sbsequent low leyel signals. o-

sequently, It Was propo sed to gue a shutter which will open

quickly When the ligh.t level has fallen to a yalue which the iage

orthicon an ecord

EXPECTED PERFORMANCE

From the analis dted it appe that equipnt wth
a nominal 1 - 15 . resolution on axis can recard the gamma

rays from the molten fuel material with a scan :ate of 30 per
secnd. This means one would obtain a picture integrated over

approximately 1/30 of a second every 1/30 of a second Should

the RCA intensifier image orthidoh become available and live

up to its advanced billing, it is reasonable tQ expect that
180 scans per scond could be obtained by its use.
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RADIATION SCANNING SYSTEM

Although the above pr'oposed. pinhole camera with. TV hain

ttystem could obtain reasonable spatial resolution, the time

resolution obtainable is only 30: raes per second. An in-

crease in the number of frames per second to 180 is dependent

upon th.e availability of the new RCA intensifier image orthi-

con tubes, production models' of which are still nproveno.

The dynamic range of the proposed ystem was also s everely

limited4 particularly when the TV chain was adjusted for

maximum resolution, To obtain completely the desired informa-

tion from each NaI creen requiaes two TV channels, The coSt

of equipment purchases and the constrruction of the pin-hole

and associated heavy shielding for a single TV ch.anel would

amount to approximately gl5.,00O. An additional 50,000 is

required for a second TV chain to vW the NaI screen to

increase the dyie range to cover the entire transient.

By the time the contract for NRL to participate in the

TREAT program was completed early in 19580 an alternative system

'had been partially evolved that will give the approximate space

resolution of the above system and 250 frames per second with

a dynamic range of approximately 50. The analogy of the fly-

ing spot scanner of early television started discussions that
led t the new system, This system ivolves a rot:tting drux

with a large n be of :ollimating holes scaniing the test

section, Gamma rayZ from the fuel pin will penetrate through

these ollimating holes onto a nult1:i-s-ection NaI crystal.
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Signals from photomultipliers, viewing these NaI crystals wil 

after amplification, intensity modulate the Z-axis of two

imulti-gun :o-scilloscopes, Sweeps of these oscilloscopes will 

be recorded on a contintously moving film camera for later

study and detailed analyses. This system was discussed in

qualitative terms with representatives of ANL on March. 4 1958.

A slit arrangement narrowing down to 4"' proceeding the

rotating drum will limit the aount of radiation illuminating

the drum, Additional shielding Will also be provided beh:ind

the drum to protect the Nal crystals from background radiation

from other parts of the reactor. The entire mechanical arrange-

ment of the slit, drum and shielding will be mounted and

aligned on a single sliding arrangement that can be easily

inserted into the reactor;.

The rotating drum will be 22" in diameter and '8" in

heightj with a hollow center o 7 in diameter. Eighty series

of holes 2 of an inch apart will scah the 411 x 1 6 tf test

section as the drum is rotated at approximately 1000 .pem,

These holes will be 15 mills in diameter with collination or

definition of the hole provided by a steel rod 1/16 of an inch.

in diameter with a 15 mill hole through it4 The drum will be

filled with a high. density metal to attenuate all other uncol-

limated radiation below the desired signal* The drum will be

rotated by a hydraulically driven motor on a vertical axis

nine feet from the test swection in the- iewing hole of the

TREAT shield, Th.e hydraulically driven motor will allow rota-

tions at all speeds slower than 1000 rtp:m.
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The spacing of the holes may be dscribed as follows:

Eight-holez will be plac'ed'2 inches apart In a vertical eline

At a otation- of 2.1 degrees and displaced downward by 2 inches

will be- another series of 8- holes I -et, for a total of ten

-such vertical series. This group of ten vertical series of

holes will be repeated a total of ei ght times around the fdrum

for a total of 640 holes, Th.ere will be an additional spacing

of 1.35 degrees of rotation between th.e eight groups' to pro-

vide blanking between frames on the film, Only one vertical

series of holes will be visible at the test section at a time

through the slit jaws. Since gamma rays will go through each,

hole twice per revolution, there will be 16 frames per revolu-

tion.
The fabrication of a suitable drum is the biggest diff-i-

culty of this system. To provide desired spatial resolution

with a useable signal intensity require a proper balance be-

tween small collimating holes and a large drum diameter. Since

the intensity levels limit the minimum hole diameter to 15 mills,

thi5 requires a drum diameter of 228" to give a desirable space

resolution. This is approximately the largest diameter drum

that will fit in the current shield design. Obtainingstraight

holes .Ol5' in diameter through a material that will provide

an attenuation to gamma radiation of 108 - 109 is difficult but

appears solvable.

The gamma rays penetrating each group of ten horizontal

series of' eight holes will strike a separate Nal crystal, 05Vt

12



wide-,-- -2' high. and deep. Therefore th.ere will b eigt

crystals with appropriate photoltipliers tube and- powr

supplies converting the light pulses into electrical signals, 2

The recordin sygtm will be: built around to four gun

-osCilloscopest. The signals from the eigh.t photomultiplier

tubea viewing the NaI crystals willA after ampl ification,

intensity modulat& the Z-axis of these os-cilloscopeS. The f our

'sweeps of each .oscilloscope will be triggered simultaneously

by a signal fr a magnetic pick up from the rotating drum4

The time duration of each sWeep will be 400 -mirosecond's arnd

the sweep length. on th.e a illozcope face will be 2-1/2 :cm

The four sweeps ofr each otcilloe'ope -will be placed end to end

on a. asingle horizontal line across the oscilldscope face. A

camera will record these sweeps on 35 mm fil moving at 1800

inches per minutes . Each of the two films will have in four

vertical rows successively; frames of 2 " sections of the test

section 4 Cameras are, available that can move film at all speeds

from 0 up to 12,000 in in/m

SPATIAL RESOLUTION

The: spatial resolution obtainable by this system primari y

is determined by the diameter and length of th.e collimating holes

However, the limit in spatial resolution is dete:rmined by the

intensity of gaa radiation reaching th.e crystal through the

collimating hale, It appears that a reasonable spatial resolu-

tiin with a useable signal is obtainable with a 15 mill

13



ctollimating hole 22" long. This will povide a spatial resolu-

ti f *15 i-hes- when the -cnter ofI the dr- is placed

nine Peet'fr the tes-t section. This spatial reolution is

slightly lager than the geometric- optical resolution because

gamma-rays penetrate th.e lip of the collimating holes. This

spatial resolution will be obtained in both the horizontal

and vertical direction but the spacing betwen cans in tse

vertical direction is- 0.2" This spatial resolution will be

constant over the entire test section, Each scan across the

test :section will be 400 micrQ'ecods in time duration which

will mean that th.e diameter of a test fuel pin will be 'swept

across in 15 microseconds,

CHECKS 0N SPAIIAL RESOLUTION

Experimental measurements haVe been made to determine

actual resolution obtainable with. small holes through a lead

block. Gamma rays from a 1300 curie Co6o source were allowed

to illuminate through a slit arrangement, a 141`" thick lead

block Radiation penetrating a .Q33" hole was detected by a

NaI crystal shielded against radiation from all other direc-

tions. The source consisted of ten pins 5 'long by 1/2" in

diameter which were equally spaced around a circdle of 5"-f in

diameter. The 'ntire source arrangement was a water-tight

aluinm cn This tource at a distance of 10 feet from the

lead block was moved on a line perpendicular to the axis of

the holea The res'ulting signal from the detector for traversing

14



a single pin- is shown in--FigX 1. The measured width at half

mazim:-is ..67'"- which c-an -be acoute-d for by the- straight

geoietri-cal :optics of -the- arrangement taking into account the

diameter of the source pins and the reduction of the hole

length by one mean free path to compensate for gamma rays

pen'etrating the lip of the hole.
Similar runs were made writh the distance from source to

cdo-linmating hole reduced by a factor of two to demonstrate the

change in width of the response ctrve wth distance Also

-observations Were made with a hole diameter of 0551K With a

monoenergetic source such as used here, discrimination against

small pUlses can improye the ultimate space resolution by

eliminating more scattered radiation than direct unscattered

radiation With the above ar:rangement it was possible to

increase the peak to valley atio by a factor o 2j

SIGNAL-STRENGTH CALCULATION

Using the typical data f Table an estimate of the

signal strgth an be computed. With a .015"'f hole diameter

in a 221! diameter drum 9 from the test sectio an area of

approximately ,5r in diameter (r ,11 cm2 ) will be viewed at

the test section. Therefore, when the hole :is viewing a fuel

pin at the peak of the tanient, the tource strength. of the

viewed will be 4. 5 x 10"15 mev of y:s/sec. The solid angle of

the hole S 1.2 x 109, so that the rate of radiation striking

the crystal is 55 x 10 mev of y's/sec . Since the tie to.~ ~ c .h tm to

15



sweep across a fuel pin is 15 sec, the amount of radiation

fron the fuel pin to strike- the deteut-or is 85 mev of fs.

The above calculations--are for a transient -with. a

5 mllisecon- period but the latest information from ANL indi-

dates that they-will probably-do most of the work--with

transients of 50 - 8 milliseconds, At a 50 millisecond

period, the peak-gamma ray levels would be a factor-of ten

lower than above, The time of interest, i.e.% when- the fuel

is:f~owing after a melt-down, will be after the peak gamma ray

level has been past but with this slower periods the prompt

y-ray level should not fall more than a factor of 5 in the

time of interest. However, due to the flexibility of the

system, by a reduction in drum rotation and camera speeds some

loss in intensity levels for slower transients can be com-

pensated for by fewer frames per sec.

DYNAMIC RANGE

The dynamic range of this system is limited by the ratio

of the signal to background, The background is primarily

determined by radiation from the test section coming through

the slit and consequently penetrating the drum. The attenu-

ation provided by th.e drum for this radiation must be at least

a factor of 108.+ By proper adjustment of other shielding,. all

other sources of background radiation must be made negligible

in comparison to this factor. Contrast of the fuel pins to

background radiation from regions of the reactor behind the

16



test s-ection-'must be improved by the addition of 2-3" thick-

ness of Pb or Bi behind the test section to attenuate gamma

rays from the reactor. a

COST

The cost of this system is estimated to be appreciably

less-than the pinhole camera and TV system, The mechanical

construction of the drum and shield is estimated to be

approximately $25,:000, The cost of the recording system

including the NaI crystal amplifiers 2 oscilloscopes and

2 cameras plus test equipment, is estimated at approximately

$25,000* This total of $50,000 Is in comparison with

approximately $125,000 for the previous system. Neither set

of figures include design, hecking out or installation costs.

Nor do they include salary cost of division personnel working

on the projects

STATUS

At present the design and method of fabrication of the

rotating drum is currently being worked outs Details of this

and other parts of the system will be reported on in the next

report covering the period up to 30 June0 Construction of

the echanical system will be started by then and should be

completed in time to allow testing of the entire assembled

system here at NRL during th.e Fall. Since TREAT is esti-

mated to go critical late in 1958 or early in 1959, the system

would be ready for installation in TREAT before transient

testing is begun in the early part of 1959.
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Lead Xhas been cast in a steel drum 14" in diameter and

2 1 7 high- to study fabrication tethniquesand will be used for

additional checks on resolution and intensity requirements.

Several small holes 020"- .040' were made through this drum

by stretching piano wires across the steell drum before the

lead was cast. These wires are pulled out after the lead has

cooled. Upon rotation these holes will scan across small

:Co6 souxrces. Signals from NaI detectors will be used to

demonstrate intensity modulation of an oscilloscope.and deter-

mine the intensity levels and associated amplification required.,

Navy - NL, Bellevue, D, C.
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TABLE 1

RESULTS OF INTENSITY CALCULATION FOR A 5 MILLISECOND PERIOD

Heat to melt uranium

Number fissions to melturim:
Peak riession rate astu*ed*

Peak gamma-ray source strength
in fuel

Peak Urg -ay source strength.
in s odiu

Peak gamma-ray source strength.
in graph.ite reactor

Peak Brightness of fuel pin

Brightness of sodium one cm
thick

Brightness of graphite reactor
behlnd test section

Peak brigh.tness of NaI screen
through .05 diameter pin-hole
with. screen four meters from
tes8t :section

Brightness of fuel pin from
decay gamma rays from fission
products

Screen brightness from decay
gammas

60 cal/gm,

lo13 f iss/0g

105 fiss/gm-sec
:o:17 Mev o y's/Am 5 -sec

6 x lO M Pev of z/~ 3 -sec

5 x 1015 Kev of 7yS/ 3 -sec

x lO N MNe of y`:S/cm2-$ec
oxr

3 X iO 5 MeV of 'ys/ 2osec-str.

6 x 1014 Mev of y's/cm 2 -sec

lO't Mev of y's/}m03ec

io9 Mev of ys/aV 2-s'e

3.7 x 14 Mev o -Ys:/m 2 -see

107 Mev of vys/bm 2 sec

*This peak fission rate is averaged or the last period and it
assumes that the uranii n: elts at the peak or during the initial
decrease of the transient. a 
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TABLE 2

COMPUTED INTENSITY AT SCREEN FROM A POINT SOURCE OF GAMMA 4RAYS*

Percent of
Maximum

Intensity
Widtb of Spot (nches)

Horizontal Vertical
Lead

X aO.1

0.132

0; 0020

6 0.23

Mallory 1000

.0.1

0,124

0. 17

0.194

Lead

0. 1

Mallory: 1000

0.1

0.225 0.19

0 .51

0,63

0.39

o.48

the most penetrating gamma ray enIer'gy.

1005

505

105

55

* Values are for
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